Abstract
materials for stratospheric particle injection due to their greater light scattering ability 23 compared to stratospheric sulfuric acid particles. However, the heterogeneous reactivity of 24 mineral particles towards trace gases important for stratospheric chemistry largely remains 25 unknown, precluding reliable assessment of their impacts on stratospheric ozone which is of 26 key environmental significance. In this work we have investigated for the first time the 27 heterogeneous hydrolysis of ClONO2 on TiO2 and SiO2 aerosol particles at room temperature 28 and at different relative humidities (RH), using an aerosol flow tube. The uptake coefficient, 29 γ(ClONO2), on TiO2 was ~1.2×10 -3 at 7% and remaining unchanged at 33% RH, and increased 30 for SiO2 from ~2×10 -4 at 7% RH to ~5×10 -4 at 35% RH, reaching a value of ~6×10 -4 at 59% 31 RH. We have also examined the impacts of a hypothetical TiO2 injection on stratospheric 32 chemistry using the UKCA chemistry-climate model in which heterogeneous hydrolysis of 33 N2O5 and ClONO2 on TiO2 particles is considered. A TiO2 injection scenario with a solar 34 radiation scattering effect very similar to the eruption of Mt. Pinatubo was constructed. It is 35
found that compared to the eruption of Mt. Pinatubo, TiO2 injection causes less ClOx activation 36 and less ozone destruction in the lowermost stratosphere, while reduced depletion of N2O5 and 37
NOx in the middle stratosphere results in decreased ozone levels. Overall, no significant 38 difference in the vertically integrated ozone abundancies is found between TiO2 injection and 39 the eruption of Mt. Pinatubo. Future work required to further assess the impacts of TiO2 40 injection on stratospheric chemistry is also discussed. 41
Introduction
Christy, 1992). Observation and modelling studies have further suggested that, after the 67 eruption of Mt. Pinatubo, significant change in the partitioning of nitrogen and chlorine species 68 in the stratosphere occurred (Fahey et al., 1993; Wilson et al., 1993; Solomon, 1999) , caused 69 by heterogeneous reactions of N2O5 and ClONO2 (R1a-R1c): 70 N2O5 + H2O + surface → HNO3 + HNO3 (R1a) 71
ClONO2 + H2O + surface → HNO3 + HOCl (R1b) 72
ClONO2 + HCl + surface → HNO3 + Cl2 (R1c) 73
Therefore, before any types of material can be considered for stratospheric particle injection, 74 their impact on stratospheric chemistry and ozone in particular has to be well understood 75 (Tilmes et al., 2008; Pope et al., 2012) . 76
Heterogeneous reactions on sulfuric acid and polar stratospheric clouds (PSCs) have been 77 extensively studied and well characterized (Crowley et al., 2010; Ammann et al., 2013 ; 78 Burkholder et al., 2015) . However, the reactivity of minerals (e.g., TiO2 and SiO2) towards 79 reactive trace gases in the stratosphere has received much less attention. For example, the 80 heterogeneous reactions of ClONO2 with silica (SiO2) and alumina (Al2O3) in the presence of 81 HCl (R1c) have only been explored by one previous study (Molina et al., 1997) in which 82 minerals coated on the inner wall of a flow tube were used. Further discussion of this work is 83 provided in Section 4.4. The lack of high quality kinetic data for important reactions impedes 84 reliable assessment of assessing the impact of injecting mineral particles into the stratosphere 85 on stratospheric ozone (Pope et al., 2012) . TiO2 is an active photo-catalyst and its atmospheric 86 heterogeneous photochemistry also therefore deserves further investigation (Shang et al., 2010; 87 Chen et al., 2012; Romanias et al., 2012; Kebede et al., 2013; George et al., 2015) . 88
To address these issues, in our previous work we have investigated the heterogeneous 89 reactions of N2O5 with TiO2 (Tang et al., 2014d) and SiO2 (Tang et al., 2014a) 
particles (R1a). 90
That work is extended here to the investigation of the heterogeneous hydrolysis of ClONO2 on 91
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Using the UKCA (United Kingdom Chemistry and Aerosol model) chemistry-climate 119 model, a preliminary assessment of the effect of injecting TiO2 into the stratosphere on 120 stratospheric chemistry and ozone was discussed in our previous work (Tang et al., 2014d) . 121
This model was also used to investigate stratospheric ozone change due to volcanic sulfuric 122 acid particles after the eruption of Mt. Pinatubo in 1991 (Telford et al., 2009 ). In the previous 123 work (Tang et al., 2014d) , we used the UKCA model to construct a case study in which TiO2 124 aerosols were distributed in the stratosphere in a similar way to the volcanic sulfuric acid 125 particles after the eruption of Mt. Pinatubo so that the solar radiation scattering effect was 126 similar for the two scenarios; however, the only heterogeneous reaction on TiO2 particles 127 considered was the uptake of N2O5 (R1a). Injection of solid aerosols into the stratosphere can 128 have a significant impact on ozone mixing ratios when heterogeneous reactions involving 129 chlorine are considered (Weisenstein et al., 2015) . Several previous studies (Jackman et al., 130 1998; Danilin et al., 2001; Weisenstein et al., 2015) have considered the effects of solid alumina 131 particles on stratospheric chemistry; however, there is only very limited assessment of other 132 potential solid aerosol compositions (e.g., TiO2 and diamond) (Tang et al., 2014d ). Here we 133 expand upon the previous literature by considering in our model a number of heterogeneous 134 reactions with new kinetic data on TiO2. In our current work the heterogeneous hydrolysis of 135 ClONO2 on TiO2 particles (R1b) has been included, using our new experimental data. The 136 changes in stratospheric ozone and reactive nitrogen and chlorine species are assessed by 137 comparing to the impact of the Mt. Pinatubo eruption. 138
Experimental section

139
The heterogeneous reaction of ClONO2 with aerosol particles was investigated at 140 different RH using an atmospheric pressure aerosol flow tube (AFT). In addition, its uptake 141 onto Pyrex glass was also studied, using a coated wall flow tube. N2 was used as carrier gas, 142 and all the experiments were carried out at 296±2 K. 143 needed to develop the laminar flow is ~12 cm. The mixing length is calculated to be ~14 cm, 152 using a diffusion coefficient of 0.12 cm 2 s -1 for ClONO2 in N2 at 296 K (Tang et al., 2014b) . 153
Aerosol flow tube
Only the middle part of the flow tube (30-80 cm) was used to measure the uptake kinetics. 154
A commercial atomizer (Model 3076, TSI, USA) was used to generate an ensemble of 155 mineral aerosols. N2 at ~3 bar was applied to the atomizer to disperse the mineral/water mixture 156 (with a TiO2 or SiO2 mass fraction of ~0.5%), resulting in an aerosol flow of 3000 mL/min. 157
The aerosol flow was delivered through two diffusion dryers, and the resulting RH was adjusted 158 by varying the amount of silica gel in the diffusion dryers. 1200 mL/min flow was pumped 159 away through F1, and the remaining flow (1800 mL/min) was then delivered through a cyclone 160 (TSI, USA) to remove super-micrometre particles. This cyclone has a cut-off size of 800 nm 161 at a flow rate of 1000 mL/min. The aerosol flow could be delivered through a filter to remove 162 all the particles (to measure the wall loss rate), or alternatively the filter could be bypassed to 163 introduce aerosol particles into the AFT (to measure the total loss rate). Beyond that point, 300 164 mL/min was sampled by a scanning mobility particle sizer (SMPS), and the remaining 1500 165 mL/min flow was delivered into the AFT via the side arm. Mineral aerosols were characterized 166 online using a SMPS, consisting of a differential mobility analyser (DMA, TSI 3081) and a 167 condensation particle counter (CPC, TSI 3775) which was operated with a sampling flow rate 168 of 300 mL/min. The sheath flow of the DMA was set to 2000 mL/min, giving a detectable 169 mobility size range of 19-882 nm. The time resolution of the SMPS measurement was 150 s. 177 (Hinds, 1996) . At the end of the large Pyrex tube, a flow of 500 mL/min was sampled through 178 a 1/4'' FEP tube which intruded 1-2 mm into the flow close to the wall of the Pyrex tube. This 179 gas-particle separation method enabled particle-free gas to be sampled, despite very high 180 aerosol concentrations used in the AFT. Sampling particle-free gas prevents particles from 181 deposition onto the inner wall of the sampling tube, and therefore minimizes the undesired loss 182 of the reactive trace gases (e.g., ClONO2 in this study) during their transport to the detector. 183
More detailed discussion of this gas-particle separation method used in the aerosol flow 184 experiments are provided elsewhere (Rouviere et al., 2010; Tang et al., 2012) . 185
ClONO2 synthesis 186
ClONO2 was synthesized in the lab by reacting Cl2O with N2O5 (Davidson et al., 1987; 187 Fernandez et al., 2005) . N2O5 crystals were synthesized by trapping the product formed from 188 mixing NO with O3 in large excess (Fahey et al., 1985) . The synthesis and purification is 189 detailed in our previous study (Tang et al., 2014d (Stull, 1947) . The amount of N2O5 in ClONO2 was minimized because Cl2O was in excess. In 210 addition, the vapour pressure (a few mTorr) of N2O5 (Stull, 1947 
ClONO2 detection 215
The ClONO2 vial was stored at -76 o C in the dark using a cryostat. A small dry N2 flow 216 (a few mL/min, F3) was delivered into the vial to elute gaseous ClONO2. The The response of measured NO and NOx mixing ratios to the introduction of ClONO2 into 258 the AFT is displayed in Figure 2 . Both the sheath flow and the flow in the AFT were set to 259 1500 mL/min (dry N2), and the injector was at 40 cm. The introduction of ClONO2 into the 260 AFT at ~20 min leads to the decrease of NO (solid curve in Figure 2a ) from ~1100 ppbv to 261 ~400 ppbv, and NO recovered to its initial level after stopping the ClONO2 flow at ~120 min. 262
The ClONO2 mixing ratio (solid curve in Figure 2b ), derived from the change in the NO mixing 263 ratio, was very stable over 100 min. As expected, the introduction of ClONO2 into the system 264 gives us further confidence in the purity of our synthesized ClONO2: under our current 270 detection scheme the change in the NOx mixing ratios will be twice of the N2O5 mixing ratio, 271
and therefore N2O5 contained in the ClONO2 flow as an impurity was negligible. This method 272 provides a simple and relatively selective method to quantify ClONO2, and could be used to 273 calibrate other ClONO2 detection methods (Anderson and Fahey, 1990) . One previous study 274 used a similar method to detect ClONO2 in their experiments of ClONO2 uptake onto sulfuric 275 acid aerosol particles (Ball et al., 1998) , with the only difference being that in their study NO 276 was detected by its absorption at 1845.5135 cm -1 . Their reported γ(ClONO2) onto sulfuric acid 277 aerosol particles are in good agreement with those measured by other studies in which ClONO2 278 was measured using mass spectroscopy. This suggests that the indirect detection method of 279
ClONO2 utilized by Ball et al. (1998) 
Chemicals
303
NO (>99% purity) in a lecture bottle and the 100 ppmv (±1 ppmv) NO in N2 were supplied 304 by CK Special Gas (UK). Pure Cl2 (with a purity of >99.5%) in a lecture bottle and HgO 305 (yellow powder, with a purity of >99%) were provided by Sigma-Aldrich (UK). N2 and O2 306 were provided by BOC Industrial Gases (UK). P25 TiO2, with an anatase to rutile ratio of 3:1, 307 was supplied by Degussa-Hüls AG (Germany). SiO2 powders with a stated average particle 308 size (aggregate) of 200-300 nm were purchased from Sigma-Aldrich (UK). The BET surface 309 area is 8. By running these three scenarios we are able to compare the relative impact of 337 stratospheric particle injection using TiO2 compared to sulphate. The benefit of using the Mt. 338
Pinatubo eruption as the sulphate injection scenario is that it provides a natural analogue to 339 wall flow tube, under the assumption of pseudo first order kinetics, can be described by the Eq. 361
(1): 362 by the uptake of ClONO2 onto the wall, and thus the effective uptake coefficient is smaller than 373 the true one. This effect can be corrected (Tang et al., 2014b) , and the true uptake coefficients, 374 γ, are reported in Table 1 . 375
The uptake coefficients of ClONO2 onto Pyrex glass, as summarized in Table 1, increases  376   from ~5×10 -6 at 0% RH to ~1.6×10 -5 at 24% RH by a factor of ~3. Uptake coefficients at higher 377 RH were not determined because the uptake coefficients determined at 24% RH (~1.6×10 -5 ) 378 are very close to the upper limit (~2.3×10 -5 ) which can be measured in this study using the 379 coated-wall flow tube technique due to the gas phase diffusion limit. The RH dependence of 380 γ(ClONO2) for Pyrex glass is further discussed in Section 4.4 together with these reported by 381 Molina et al. (1997) and our measurements on SiO2 and TiO2 aerosol particles. 382 and the surface of aerosol particles, respectively. In a typical uptake measurement, the aerosol 390 flow was delivered through a filter, and [ClONO2] was measured at five different injector 391 positions to determine the wall loss rate (kw). The filter was then bypassed to deliver aerosol 392 particles into the flow tube, and the total ClONO2 loss rate (kw + ka) in the flow tube was 393 determined. After that, the aerosol flow was passed through the filter to measure kw again. The 394 variation of kw determined before and after introducing particles into the flow tube was within 395 the experimental uncertainty of kw, ensuring that the reactivity of the wall towards ClONO2 396 remained constant during the uptake measurement. 397
Reaction of ClONO2 with SiO2 and TiO2 particles
The difference between the ClONO2 loss rates without and with aerosol particles in the 398 flow tube, is equal to the loss rate due to the reaction with surface of aerosol particle (ka). The 399 effective uptake coefficient of ClONO2 onto aerosol particles, γeff, is related to ka by Eq. where Sa is the aerosol surface area concentration which can be derived from size-resolved 403 number concentrations (as shown in Figure S1 ) measured by the SMPS. Uptake of ClONO2 404 onto aerosol particles also leads to the depletion of ClONO2 near the particle surface and so the 405 effective uptake coefficient is smaller than the true uptake coefficient. This effect, which can 406 be corrected using the method described elsewhere (Tang et al., 2014b) , is only a few percent 407 in this study as the particle diameters are <1 μm and the uptake coefficient is relatively small 408 Figure 4 that the loss of ClONO2 is significantly faster with TiO2/SiO2 413 particles in the flow tube than without aerosols. We acknowledge that the measured ka and 414 therefore our reported γ in this study have quite large uncertainties. This is because the uptake 415 coefficients of ClONO2 are very small and the surface area of the wall is ~1000 larger than that 416 of aerosol particles. This is the first time that heterogeneous reactions of ClONO2 with airborne 417 mineral particles have been investigated. 418
It is evident from
The uptake coefficients of ClONO2 are ~1.2×10
-3 for TiO2 particles, and no difference in 419 γ(ClONO2) at two different RH (7% and 33%) is found. The heterogeneous reaction of ClONO2 420 with SiO2 particles were studied at four different RH, with γ(ClONO2) increasing from ~2×10 -4 421 at 7% RH to ~5×10 -4 at 35% RH, reaching a value of ~6×10 -4 at 59% RH. The uptake 422 coefficients of ClONO2 are summarized in Table 2 for SiO2 and TiO2 aerosol particles, together  423 with key experimental conditions. In a few measurements in which the SiO2 aerosol 424 concentrations were relatively low, the total ClONO2 loss rate (kw + ka) was not different from 425 its wall loss rate (kw) within the experimental uncertainty. In this case, only the upper limit of 426 ka (and thus γ) can be estimated, which is reported here as the standard deviation of kw. The 427 first three of the four uptake coefficients at (17±2)% RH for SiO2 aerosol particles, tabulated 428 in Table 2 , fall into this category. γ(ClONO2) on SiO2 aerosol particles is around two orders of 429 magnitude larger than that on Pyrex glass. One explanation for such a large difference is that 430
SiO2 particles used in our work are porous (Tang et al., 2014a) and therefore the surface area 431 which is actually available for the ClONO2 uptake is much larger than that calculated using the 432 mobility diameters. In our previous study (Tang et 
Effects of RH
437
The RH dependence of γ(ClONO2) for Pyrex glass is plotted in Figure 5 expect that γ(ClONO2) for Pyrex glass will increase with RH. This is also supported by the 446 water adsorption isotherm on Pyrex glass particles (Chikazawa et al., 1984) , showing that the 447 amount of adsorbed water on Pyrex surface displays a substantial increase at 20% RH 448 compared to that at 0% RH. However, the results reported by Chikazawa et al. (1984) are 449 presented graphically and thus impede us from a more quantitative discussion on the effect of 450 RH and surface-adsorbed water on uptake of ClONO2 by Pyrex surface. 451
One can then expect that γ(ClONO2) may also increase with RH for the reaction with 452
SiO2 and TiO2 aerosol particles, since the amount of water adsorbed on these two types of 453 particles also increase with RH (Goodman et al., 2001 ). Inspection of the data listed in Table 2  454 reveals that γ(ClONO2) for SiO2 particle increases from ~2×10 -4 at 7% RH to ~6×10 -4 at 59% 455 RH, and this is consistent with the large increase of adsorbed water on SiO2 surface, from 456 around half a monolayer at ~7% RH to two monolayers at 60% RH (Goodman et al., 2001 ), as 457 shown in Figure S2 . The uptake coefficients of ClONO2 were measured to be ~1.2×10
-3 for 458
TiO2 at 7% and 33% RH, with no significant difference found at these two different RH. We 459 expect that further increase in RH will lead to larger γ(ClONO2) for TiO2, and future studies at 460 higher RH are needed to better understand the RH effects. While the background burden of stratospheric aerosol is low, volcanic eruptions and 511 deliberate stratospheric particle injection for climate engineering purposes have the potential 512 to significantly increase the available surfaces for heterogeneous reactions. In our current work, 513 three simulations were performed, one representing a low background loading of stratospheric 514 sulphate (<1 Tg) aerosols (S1), a second representing the eruption of Mt. Pinatubo (S2) and a 515 third representing an instantaneous injection of 10 Tg of TiO2 (S3). SiO2 particle injection is 516 not considered in our modelling study because the refractive index of SiO2 is significantly 517 smaller than TiO2 (Pope et al., 2012) . Two heterogeneous reactions on TiO2 particles, i.e. 518 heterogeneous hydrolysis of N2O5 (R1a) and ClONO2 (R1b), were included in the simulation: 519 a value of 1.5×10 -3 was used for γ(N2O5), as measured in our previous work (Tang et al., 2014d) , 520 and γ(ClONO2) was also set to 1.5×10 -3 , based on the measurement reported in our current 521 study. All three simulations were nudged to observed meteorology from December 1990 to 522 January 1993. By comparing the TiO2 injection (S3) with the Mt. Pinatubo eruption (S2) we 523 are able to quantify the relative impacts of TiO2 and sulphuric acid injection on stratospheric 524 chemistry. Results in this section are presented as annual means for the year 1992. 525 Similar to our previous study (Tang et al., 2014d) , we have found that injection of TiO2 526 (S3) has a much reduced impact on stratospheric N2O5 concentrations than the eruption of Mt. 527
Pinatubo (S2). N2O5 mixing ratios are significantly reduced in S2 compared to S1 from 10-30 528 km, with concentrations reduced by >80% throughout most of this region. For comparison, 529 after TiO2 injection (S3) N2O5 concentrations are reduced over a much smaller altitude range 530 (15-25 km) and to a lesser degree, with ~20% reductions in the tropics and up to 60% reductions 531 in the high latitudes. The relative effects of TiO2 injection compared to sulphate injection on 532 N2O5 mixing ratios is calculated as the difference between S3 and S2. As shown in Figure 6 , 533 throughout most of the stratosphere N2O5 mixing ratios remain higher under S3 than S2. 534 Under both particle injection scenarios (S2 and S3), stratospheric ClOx mixing ratios are 535 increased compared to S1 due to the activation of ClONO2 through heterogeneous reactions. 536
However, Figure 7 suggests that ClOx mixing ratios are up to 40% lower in the tropical lower 537 stratosphere following the injection of TiO2 aerosols compared to sulphate. This is driven in 538 part by the lower surface area density of TiO2 compared to sulphate, but also due to the 539 difference in uptake coefficients. The uptake coefficient of ClONO2 onto sulphate is 540 temperature dependent, and our measurements suggest that the uptake coefficient onto TiO2 is 541 smaller than that for sulphate below ~215 K. Throughout much of the tropical lower 542 stratosphere where maximum aerosol surface area density is found in both S2 and S3, 543 temperatures are below ~220 K and therefore the uptake coefficient is lower for TiO2 than 544 sulphate (as shown by Figure S3 found that the measured uptake coefficients varied only by a factor of 2-3 or less across a wide 549 temperature range. Therefore, the temperature effect is not expected to be very significant in 550 our current work, although further studies are required to quantify and reduce these 551 uncertainties. 552
The relative difference in ozone mixing ratios following TiO2 injection (S3) compared 553 with the eruption of Mt. Pinatubo (S2) is shown in Figure 8 . Ozone mixing ratios in the lower 554 stratosphere decrease as a result of both TiO2 and sulphate injection, with largest decreases 555 seen at high latitudes. In terms of annual means, the magnitude of this ozone response is 556 comparable between the two simulations, with a maximum of ~3% in the tropics and ~7% at 557 high latitudes. In contract, ozone mixing ratios at the altitude of 25 km increase following the 558 eruption of Mt. Pinatubo (S2), but show no significant change upon TiO2 injection (S3). This 559 is consistent with the much faster uptake of N2O5 onto sulphate aerosols and the resultant 560 stratospheric NOx loss and decreases in the rates of catalytic ozone destruction at these altitudes. 561
The results presented here indicate that there is little difference in stratospheric ozone 562 concentrations between injection of TiO2 and sulphate aerosols when R1a and R1b are 563 considered on TiO2. While TiO2 injection (S3) leads to less ClOx activation and ozone 564 destruction in the lowermost stratosphere, the reduced depletion of N2O5 and NOx in the middle 565 stratosphere leads to decreased ozone mixing ratios compared to sulphate injection (S2). The 566 total column ozone differences between S3 and S2 are within ±2.5%, indicating that there is 567 no significant difference in vertically integrated ozone abundancies and solar UV amounts 568 reaching the surface. However, more work is required to establish additional kinetic data for 569 heterogeneous reactions of TiO2. 570
Conclusion
571
Minerals with high refractive indices, such as TiO2, have been proposed as possible 572 materials used for stratospheric particle injection for climate engineering (Pope et al., 2012) . 573
However, kinetic data of their heterogeneous reactions with important reactive trace gases (e.g., 574
N2O5 and ClONO2) in the stratosphere are lacking, impeding us from a reliable assessment of 575 the impacts of mineral particle injection on stratospheric ozone in particular and stratosphere 576 chemistry in general. In our current work, using an atmospheric pressure aerosol flow tube, we 577 have investigated the heterogeneous reaction of ClONO2 with TiO2 and SiO2 aerosol particles 578 at room temperature and at different RH. The uptake coefficient, γ(ClONO2), was ~1.2×10 -3 at 579 7% and 33% RH for TiO2 particles, with no significant difference observed at these two RH; 580 for SiO2 particles, γ(ClONO2) increases from ~2×10 -4 at 7% RH to ~6×10 -4 at 59%, showing a 581 positive dependence on RH. Therefore, it can be concluded that under similar conditions for 582 the RH range covered in this work, TiO2 shows higher heterogeneous reactivity than SiO2 583 towards ClONO2. Compared to sulfuric acid particles in the lower stratosphere, the 584 heterogeneous reactivity towards ClONO2 is lower for TiO2 particles. In addition, the 585 heterogeneous uptake of ClONO2 by Pyrex glass was also studied, with γ(ClONO2) increasing 586 from ~4.5×10 -6 at 0% RH to ~1.6×10 -5 at 24% RH. 587
Using the UKCA chemistry-climate model with nudged meteorology, we have 588 constructed a scenario to assess the impact of TiO2 particle injection on stratospheric chemistry. 589
In this scenario TiO2 aerosol particles are distributed in the stratosphere in such a way that TiO2 590 particle injection is assumed to produce a radiative effect similar to that of Mt. Pinatubo 591 eruption, following Pope et al. (2012) . Heterogeneous reactions of N2O5 and ClONO2 with 592
TiO2 aerosol particles, both with an uptake coefficient of 1.5×10 -3 based on our previous (Tang 593 et al., 2014d) and current laboratory experiments, were included in the simulation. It is found 594 that compared to the eruption of Mt. Pinatubo, the TiO2 injection has a much smaller impact 595 on N2O5 in the stratosphere, although significant reduction (20-60% compared to the 596 background scenario without additional particle injection) in stratospheric N2O5 also occurs. 597
Compared to the background scenario, both TiO2 injection and the Mt. Pinatubo eruption 598 scenarios lead to increased stratospheric ClOx mixing ratios, and the ClOx mixing ratios are 599 lower for the TiO2 injection than the Mt. Pinatubo eruption. Both TiO2 injection and the Mt. 600
Pinatubo eruption results in significant ozone depletion in the lower stratosphere, with largest 601 decreases occurring at high latitudes. In comparison with Mt. Pinatubo eruption, TiO2 injection 602 causes less ClOx activation and less ozone destruction in the lowermost stratosphere, while the 603 reduced depletion of N2O5 and NOx in the middle stratosphere results in decreased ozone levels. 604
Overall, our simulation results suggest that there is no significant difference (within ±2.5%) in 605 the vertically integrated ozone abundancies between TiO2 injection and Mt. Pinatubo eruption. 606
It should be emphasized that heterogeneous chemistry of TiO2 included in our current 607 modelling study is not complete. One example is the heterogeneous reaction of ClONO2 with 608 HCl (R1c) on/in the particles. An uptake coefficient of 0.02 was reported for the heterogeneous 609 in the sulphate injection scenario. However, while we have chosen a TiO2 loading to give the 625 same surface radiative response as the Mt. Pinatubo eruption, the stratospheric radiative 626 impacts may differ. In order to fully understand the true impact of stratospheric particle 627 injection, both the radiative and chemical effects, and the coupling between these responses, 628 need to be explored further. In addition, before any climate engineering schemes could be 629 considered, much consideration is absolutely obligatory, including, but not limited to, technical, 630 socioeconomic, political, environmental, and ethical feasibilities. 
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